CdSe quantum dot samples with sizes in the range of 1.8-ϳ6 nm in diameter were examined by positron annihilation spectroscopy. The results were compared to data obtained for single-crystal bulk CdSe. Evidence is provided that the positrons annihilate within the nanospheres. The annihilation line shape shows a smearing at the boundary of the Jones zone proportional to the widening of the band gap due to a reduction in the size of the quantum dots. The data confirm that the change in the band gap is inversely proportional to the square of the quantum dot diameter. DOI: 10.1103/PhysRevB.66.041305 PACS number͑s͒: 78.70.Bj, 41.75.Fr, 68.65.Hb, 73.21.La The advent of reliable production of nanostructures has opened a different frontier in materials science. Quantum dot structures gain ever-increasing importance in applications ranging from semiconductor electronics to biological applications. [1][2][3] In order to take full advantage of this range of solids between molecules and macroscopic samples a detailed understanding of their electronic properties is essential. A wide range of techniques has been used towards this goal, many of which probe the electronic density of states. Here, we report on the application of positron annihilation spectroscopies, which provide information on the electron momentum distribution. A positron annihilates with an electron producing predominantly two ␥ ray photons of 511 keV, which are Doppler shifted by the combined momentum of the electron-positron pair. The positron reaches thermal equilibrium with its environment orders of magnitude faster than its typical lifetime in matter ͑several hundred picoseconds͒. While the electrons fill up energy levels in accordance with the Pauli principle, the sole positron is free to occupy its ground state. The intensity of modern positron beams is so low (р10 6 per second͒ that no more than one positron will reside in a quantum dot at any given time. Hence the examination of the Doppler shifts of the annihilation radiation will provide information about the electron momentum distribution in a sample. It is therefore not surprising that the positron annihilation Doppler broadening technique is exquisitely sensitive to changes in the electron structure as a function of size of the nanostructures.
The advent of reliable production of nanostructures has opened a different frontier in materials science. Quantum dot structures gain ever-increasing importance in applications ranging from semiconductor electronics to biological applications. [1] [2] [3] In order to take full advantage of this range of solids between molecules and macroscopic samples a detailed understanding of their electronic properties is essential. A wide range of techniques has been used towards this goal, many of which probe the electronic density of states. Here, we report on the application of positron annihilation spectroscopies, which provide information on the electron momentum distribution. A positron annihilates with an electron producing predominantly two ␥ ray photons of 511 keV, which are Doppler shifted by the combined momentum of the electron-positron pair. The positron reaches thermal equilibrium with its environment orders of magnitude faster than its typical lifetime in matter ͑several hundred picoseconds͒. While the electrons fill up energy levels in accordance with the Pauli principle, the sole positron is free to occupy its ground state. The intensity of modern positron beams is so low (р10 6 per second͒ that no more than one positron will reside in a quantum dot at any given time. Hence the examination of the Doppler shifts of the annihilation radiation will provide information about the electron momentum distribution in a sample. It is therefore not surprising that the positron annihilation Doppler broadening technique is exquisitely sensitive to changes in the electron structure as a function of size of the nanostructures.
Earlier measurements by Nagai, et al. 4, 5 have shown possible evidence of quantum confinement for a distribution of sizes of Cu precipitates in Fe-Cu alloys. Xu et al. carried out studies for gold nanoprecipitates embedded in MgO that also showed some indication of this behavior. 6 However, the present study on CdSe quantum dots is the clear demonstration of size dependent effects. This work demonstrates that at least for select materials, positrons do indeed annihilate from within the quantum structures and that a size dependent signature is imprinted onto the annihilation radiation. We show that the band gap is inversely proportional to the square of the diameter of the quantum dots.
The measurements were conducted on spheres of 6 nm, 4.4 nm, 3.6 nm, 2.5 nm, and 1.8 nm diameter with a size distribution of about 12%. These spheres were prepared in the laboratories of Alivisatos ͑UC, Berkeley͒ and Bawendi ͑MIT͒. The production of CdSe quantum dots using colloidal precipitation from an organic solution is well established. 7 Growth is terminated when a coating of trioctlylphosphine oxide ͑''TOPO,'' ϳ1 nm) is formed. The size of all samples and their size distribution was determined using optical absorption spectra through the well-established wavelength dependence on size. 8, 9 The sample material was dissolved in chloroform and then deposited on glass slides or polished silicon wafers. A single crystal of CdSe was examined as a reference sample. This crystal was annealed and subsequently etched in a 5% bromine methanol solution.
Monoenergetic positrons were implanted with kinetic energies between 1 and 5 keV depending on the thickness of the respective sample. Under these conditions more than 99% of the positrons are implanted in the layer of quantum dots. The energies of both annihilation photons were collected with two high-efficiency germanium detectors positioned on opposite sides of the sample and operated in coincidence. [10] [11] [12] [13] The sum of the annihilation-photon energies (⌺E) is a Doppler-free measurement of the rest mass of the electron-positron pair less the electron binding energy (⌺Eϭ2m e c 2 ϪE b Ϸ2m e c 2 ϭ1022 keV). The difference in the photon energies is proportional to the momentum of the annihilating electron parallel p ͉͉ to the direction of photon emission (⌬Eϰp ជ ͉͉ c ជ Ϸ keV). The use of two detectors in coincidence rather than one detector raises the signal to noise ratio from about 1000 to 10 6 . At the same time the energy resolution of the system degrades by ͱ2 ͑in the case of identical detectors͒, while the full Doppler shift is measured as opposed to only half when one detector is used only. Thus, effectively the energy resolution is improved. In this measurement the effective full width at half maximum energy resolution is 1.6 keV. Here, only the events with a sum energy within a 5-keV energy window of 1022 keV were used and accumulated as a function of the difference in the energy of the photons. This measurement of the distribution of Doppler shifts gives the information about changes in electronic momentum structure occurring in these CdSe quantum dots in the quantum-confined regime. The momentum distribution of valence and conduction electrons for a noninteracting electron gas in an ideal conductor leads to an annihilation Doppler line shape of an inverted parabola convoluted with the detector resolution. The parabola intersects zero at a momentum equivalent to the Fermi momentum ͑or radius͒. In spite of the repulsive interaction of positrons and ion cores a small fraction of positrons will annihilate with electrons from bound atomic states. These events add a much broader component to the spectrum with a momentum distribution that is specific for the chemical type of the element.
Semiconductors, of course, have a band gap of forbidden energies that modifies the electron momentum distribution. The Jones-zone model for semiconductors, 14 which gives a constant occupation of momentum states within the Jones zone and zero outside, yields an overall correct picture for the valence momentum density but an unphysical metallic behavior ͑i.e., sharp momentum cutoffs near the Fermi momentum for the valence electrons͒. In reality the opening of a band gap of forbidden energies produces a smearing of the sharp occupation breaks at the Jones-zone boundary. The width of this smearing is proportional to the energy gap. 15 In the quantum dots, the width of this smearing is expected to increase as the size becomes comparable to the Fermi wavelength, as is the case here. Friedel and Peter 16 provided an elegant discussion of the impact of the energy-gap widening in momentum space for a one-dimensional case, which can be extended in a straightforward manner to include the present case. Their formula indicates that the variation of the gap is proportional to the variation of the momentum density smearing width. Their ideas were inspired by work of Berko and Plaskett. 17 In practice, the small reduction of occupied states in momentum space below the Fermi momentum is nearly impossible to observe. Above the Fermi momentum, on the other hand, the increase in occupied states results in intensity changes that are comparable to the intensity of annihilation events due to core electrons. To make this variation visible we have normalized the data from quantum dots to data from a bulk CdSe single crystal at each point in momentum space. The smearing out in momentum space and hence in Doppler shifts is most prominent at the Fermi momentum and leads to a peak in the normalized data. The normalized ''ratio'' curves shown in Fig. 1 show peaks at about 1.2 atomic momentum units ͑a.u.͒ on top of a gradually decreasing Gaussian-like function. With decreasing size of the quantum dots these peaks increase in area and shift to higher momentum. The area and centroid of these peaks were evaluated by fitting two Gaussians to the data in the region from 0 to 2.4 a.u. The first, centered at 0 a.u. tracks the gradual change and the second is fitted to the peak near 1.2 a.u. As an example, the fit to the 1.8-nm dot ratio is shown in Fig. 1 . The centroid momenta of the peaks are shown as small bars.
The peak area is plotted in Fig. 2 as a function of quantum dot radius r. Also shown is a fit of a 1/r 2 dependence plus a constant offset to the area data. Wang and Zunger 18 performed electronic structure calculations for CdSe quantum dots and predicted a widening of the band gap as a function of dot radius. The same data are shown in Fig. 3 along with the centroid momentum of the peaks versus the nonexcitonic energy gap given by Wang and Zunger for quantum dots of nearly the same size. The linear relation is striking. It is evident that the centroid shift is a direct measure of the momentum smearing ⌬ p, which is proportional to the energygap variation ⌬E. This is the first direct observation of a widening in the energy gap by positron annihilation. The centroid of the peak should also be proportional to the energy gap as shown in the figure. It should be noted that other models might yield different size dependencies. Saniz 19 suggested a 1/r dependence. To test this, fits of 1/r n functions with nϭ1, and nϭ2 were performed. The best 2 was obtained for nϭ2.
If the fit is extrapolated to infinite-size quantum dots ͑i.e., bulk crystals͒ the constant offset remains. This value can then be used to extrapolate the correlation of the peak area and center, respectively, to estimate the band-gap energy for bulk crystals. Given the uncertainties in the data, only a rough estimate of 1.85Ϯ0.10 eV can be given. This value is impressively close to the measured band-gap energy for CdSe of 1.77 eV at 300K ͑the data were collected at room temperature͒. Several factors can contribute to differences. The effective mass for positrons in a sample tends to be much larger than that for electrons. And finally the coupling of phonons to the positron can contribute on the order of tens of percent as calculated by Mikeska for metals, for example. 20 Because of the small size of the nanospheres, it is possible that a significant fraction of the positron density could extend outside the spheres. Therefore, we performed calculations based on the density-functional theory 21 to describe positron wave functions and annihilation probabilities in CdSe. These calculations provide reliable predictions of positron affinities and annihilation rates. [22] [23] [24] Using a linear muffin-tin orbital ͑LMTO͒ basis set and the generalized gradient approximation ͑GGA͒ correlation potential we find that almost 80% of the positron wave function is confined to the interstitial region thus limiting the fraction that could extend beyond the quantum dot volume. The agreement between theory and the bulk CdSe data is reasonable in general and particularly good at the high-momentum region caused by core electron annihilations. The overlap between the valence electrons with the positron wave-function is expected to remain rather constant in the quantum dots. A small change in the positron wavefunction, due to the different boundary conditions in the quantum dots, can decrease the overlap with the core electron and might explain the changes in the ratio curves ͑Fig. 1͒ near zero momentum.
The quantum dots are coated with ''TOPO,'' which contains phosphorous. If the positron wave function has significant overlap with the TOPO region, a signature due to phosphorous would be present. The elemental signature from electrons bound to phosphorous has been observed in earlier experiments 25 in the form of a peak at 1.32 a.u. at a higher momentum than the peak observed here and this peak would show no size dependence. The ratio of phosphorous compared to bulk CdSe results in a monotonous decrease in the 1-2 a.u. momentum region and no peak.
Moreover, the calculations for the positron affinity for CdSe, following the method in Refs. 22,23, The reliability of the positron affinity calculation can be studied. The local-density approximation ͑LDA͒ shows a clear tendency to overestimate the magnitude of A ϩ , which can be traced back to the screening effects. In the GGA, the value of A ϩ is improved with respect to experiment by reducing the screening charge. For example, Kuriplach et al. 27 calculated A ϩ for different polytypes of SiC and showed that the GGA agrees better with the experimental values than the LDA. The computed A ϩ values in SiC depend also significantly on the quality of the wave-function basis set. 28 Interestingly, the result without atomic approximation and within GGA gives Ϫ3.92 eV for 3C-SiC, which is close to the experimental value Ϫ3.83Ϯ0.45 eV. 29 In the case of CdSe we tried GGA-LMTO calculations with different sphere sizes to describes the interstitial region. These resulted in comparable positron affinities. Therefore from these calculations we can conclude that the uncertainty of our result is smaller than 1 eV and therefore smaller than the positron work function.
A recent addition to this work is the ability to measure positron lifetimes. The construction of the lifetime setup in the target area of the beam is a nontrivial task yet such lifetime measurements provide further support that the positron overlap with the electron density remains fairly constant as a function of the dot size. The lifetime of positrons implanted into bulk CdSe with 2 keV was measured. An experimental lifetime of 275 ps was found in excellent agreement with the theoretical value of 279 ps based on the GGA theory, 22, 23 indicating that our bulk sample is of good quality ͑without any significant concentration of atomic point defects͒. The corresponding lifetime measured in the 6-nm CdSe sphere was 251 ps, which is very close to the bulk value. Moreover, the existence of positronium, the positron-electron bound state would give a lifetime component in the spectra of 1 ns or greater. The contribution of this lifetime component is less than 1.3% indicating positronium does not exist within the CdSe quantum dot or at its surface. Further studies are being carried out measuring the lifetime in the smaller quantum structures.
In summary, our results indicate the utility of the positron annihilation technique as a sensitive probe of the electronic structure and momentum density in semiconductor quantum structures. We have observed directly the widening of the electronic band gap as the quantum dot size decreases. The implications of these observations are significant in that a simple spectroscopic measurement with positrons can reveal detailed information on mesoscopic systems. The measurement of the angular correlation of the annihilation photons allows for a direct observation of the electron momentum distribution in quantum dots. Here we confirm, that, at least in the case of CdSe quantum dots, positron annihilation occurs from within the quantum structures. 
